Two-dimensional transition metal dichalcogenides show great potential as promising thermoelectric materials due to their lower dimensionality, the unique density of states and quantum confinement of carriers. The effect of mechanical strain on the thermoelectric performances of monolayer WS 2 has been investigated using density functional theory associated with semiclassical Boltzmann transport theory. The variation of Seebeck coefficient and band gap with applied strain has followed the same type of trend. For n-type material the relaxation time scaled power factor(S 2 σ/τ) increases by the application of compressive strain whereas for ptype material it increases with the application of tensile strain. A 77% increase in the power factor has been observed for the n-type material by the application of uniaxial compressive strain. A decrease in lattice thermal conductivity with the increase in temperature causes an almost 40% increase in ZT product under applied uniaxial compressive strain. From the study, it is observed that uniaxial compressive strain is more effective among all types of strain to enhance the thermoelectric performance of monolayer WS 2 . Such strain induced enhancement of thermoelectric properties in monolayer WS 2 could open a new window for the fabrication of high-quality thermoelectric devices.
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Introduction:
Low dimensionality of materials opens a new window to enhance thermoelectric properties due to their unique density of states (DOS) and quantum confinement effect. Due to unique layered structure two dimensional (2D) materials have attracted much attention. Although the first synthesized 2D layered material graphene is well known for its very high mobility but opening a reasonable band gap in graphene is still a challenging problem 1 . Therefore 2D transition metal dichalcogenides (TMDCs) came into picture owing to its tunable bandgap, high electrical mobility, low thermal conductivity, chemical stability etc 2 . Fantastic combination of electrical and thermal transport in these 2D materials can lead to a significantly large thermoelectric figure of merit (ZT). TMDCs show a great potential in thermoelectric application to convert waste heat to electricity because of high electrical conductivity and low thermal conductivity. Theoretical calculation of thermoelectric properties of monolayer TMDCs suggests that ZT product of these materials are generally low 3 5 , strain engineering 6 , defect engineering 7 , making heterostructures 8 have been taken into consideration to enhance the thermoelectric properties. Among these strain engineering is one of the most popular methods to tune the electronic and thermoelectric properties of these materials.
The effect of layer numbers on the thermoelectric power factor (PF) and ZT product has been predicted theoretically for MoS 2 , MoSe 2 , WS 2 and WSe 2 and the enhancement of ZT product in TMDCs is due to the increased degeneracy of the band edges 9, 10 High ZT value close to 1 has been predicted in suspended monolayer and bilayer MoS 2 which is much higher than that of bulk suggests that low dimensionality may be a possible way to enhance the thermoelectric properties [11] .By layer mixing or forming heterostructures of different TMDCs thermoelectric performance is enhanced due to increased DOS and reduction of band gap near the Fermi level 12, 13 . Theoretical calculation predicted the value of lattice thermal conductivity of monolayer 17, 18 . The effect of mechanical strain on the electronic and vibrational properties in different TMDCs has been investigated theoretically and suggests that TMDCs are very sensitive to mechanical strain [19] [20] [21] [22] [23] and monolayer MoS 2 is dynamically stable up to 15% biaxial tensile strain 24 . Enhancement of thermoelectric power factor by the application of compressive strain on monolayer MoS 2 has been predicted theoretically and maximum PF has been found for n-type doping with applied 3% uniaxial zigzag compressive strain 25 . A 2-4 % biaxial tensile strain results a reduction in of monolayer suggests that strain engineering could be an effective way to increase ZT product 26 .
Though in TMDCs, MoS 2 is the most widely studied material a thorough investigation of the role of strain on WS 2 is highly warranted. In this work to the best of our knowledge for the first time 
Computational Details:
First principles calculation has been performed using density functional theory (DFT) with projector augmented wave (PAW) 27 31 code. In CSTA we assume that scattering time has very less dependency on energy and both the group velocity of carriers and DOS contribute to the transport function. The group velocity( ) of carriers in a specific band can be described as
where is the αth component of wavevector and ( , ) is the th energy band and the conductivity tensor can be obtained in terms of group velocity as
. The Seebeck coefficient, electrical conductivity and thermal conductivity due to electron can be calculated by using the values of group velocity , as implemented in BoltzTrap 31 code by following equations
where , , , , are electronic charge, temperature, relaxation time, chemical potential, volume of an unit cell respectively and ( , ) =
is the Fermi-Dirac distribution function.
For the calculation of lattice thermal conductivity due to phonon( ) we used Phono3py 32 code which calculates 2 nd and 3 rd order of force constant. The thermoelectric figure of merit (ZT) has been calculated using the formula
Where S, σ, T are Seebeck coefficient, electrical conductivity and temperature respectively and and are thermal conductivity due to electron, and lattice thermal conductivity due to phonon respectively. The phonon limited carrier's mobility( 2 ) and relaxation time(τ) has been calculated in another calculation(SI5.) with effective mass and deformation potential theory 33 by using the relation for 2D materials as follows 
where m*, C 2D and E dp are effective mass of carriers, stretching modulus and deformation potential respectively.
Results and Discussions:
Structural Parameters: and 967 µV/K at 900K for p-type and n-type carriers respectively. At 300K electrical conductivity is almost zero in the region between the VBM and CBM but it increases at 600K and 900K as shown in Fig. 2c . This is due to the increase in the number of carriers at elevated temperatures. Because of high electrical conductivity the thermoelectric power factor (S 2 σ/τ) has also increased. Fig. 2d . shows how thermoelectric power factor S 2 σ/τ (relaxation time scaled)
varies with chemical potential µ(Ry). At 300 K the S 2 σ/τ is observed to be 5.22x10 10 first peak corresponds to the CBM. As temperature increases the two side peaks convert into two little hump and at 900K there is one peak corresponding to highest power factor. But no such thing is observed in p-type region. This type of behavior can be explained from DOS near the band edge which is shown in Fig. 2e . Near the valance band edge there is only one peak which corresponds to the energy state at VBM but in conduction band edge there are three humps near the conduction band edge and among them 1 st hump corresponds to the CBM at 0.211 Ry and the second hump at 0.228 Ry corresponds to the highest S 2 σ/τ value near the conduction band edge.
As transport takes place near the band edge, we only check the peaks near the valance and conduction band edges. The variation of relaxation time scaled electrical conductivity i.e. σ/τ with temperature shows the semiconducting behavior of WS 2 and can be seen in Fig. 2f .
We have also shown the variation of Seebeck coefficient, S 2 σ/τ, σ/τ and K el as a function of carrier concentration (N) (SI Fig.S1 .) and our results suggest that these values are similar to that calculated from chemical potential approach. 
Effect of Bi-axial Strain:
The variation in Seebeck coefficient with applied biaxial strain (tensile and compressive) for ntype and p-type doping at 300K, 600K and 900K is shown in Fig.3a . In case of biaxial compressive strain (BCS) the value of S increases as we apply higher strain up to a point and after that point S starts decreasing. This behavior is observed for both p-type and n-type carriers, but S has higher value for n-type carriers than p-type carriers. The highest value obtained at 1% of BCS is 1067µV/K for n type and 955µV/K for p-type at 900K. But S decreases with application of biaxial tensile strain (BTS) for both types of carrier. The variation of band gap with applied strain follows the same trend as that of the Seebeck coefficient and is shown in Fig.3d . as described by Goldsmid-Sharp relation 36 given by the formula, = 2 where S m is the highest Seebeck coefficient, T m is the corresponding temperature and E g is the band gap. If we look at the electronic band structure of single layer WS 2 (SI Fig.2 .b) it is clearly seen that at 1% BCS band gap is highest and remains direct and after 2% BCS it starts to decrease and becomes indirect. This is the reason for higher values of Seebeck Coefficient at 2% BCS. But for BTS band gap decreases and becomes indirect at 1% BTS and as BTS increases band gap decreases rapidly by going to the point of semiconducting to metal transition at 10% of BTS (SI Fig.S2.g ). That is why Seebeck coefficient decreases by the application of BTS. The power factor S 2 σ/τ (PF) increases significantly by applying BCS for n-type carriers and highest PF is found at 2% compressive strain with a value of 56.35 x 10 10 W/mK 2 s which is more than 50% higher than that of without strain at 900K as shown in Fig.3b .However, by applying BCS the PF decreases up to 2% of BCS and then remains constant afterwards for p-type
carriers.
An opposite trend was observed with application of BTS. In this case PF decreases rapidly with increasing tensile strain up to 2% and then becomes constant with a very lower value than that without strain for n-type carriers which suggest that application of BTS is not favorable for n-type doping. But thermoelectric PF increases for p-type carriers with the application of BTS. The highest PF is found to be 23.8 x 10 10 W/mK 2 s which is 29% higher than that of without strain for p-type carriers at 3% of BTS and at 900K. So, at 900K PF is highest by applying 2% of BCS for n-type carriers but for p-type carriers PF has a maximum value by applying 3% of BTS though the maximum PF for n-type is much higher than that of the p-type.
From this analysis it is clear that BCS is most favorable for n-type doping whereas BTS is suitable for p-type doping.
Effect of Uniaxial Strain:
The effect of uniaxial strain is slightly different from biaxial strain. Though the variation in Seebeck coefficient as shown in Fig.4a . does not differ very much than that of biaxial strain but the power factor variation is different. The Seebeck coefficient increases with uniaxial compressive strain (UCS) and the highest value is obtained at 2% UCS with a value of 1067µV/K for n-type and 955µV/K for p-type carriers at 900K which is exactly same that of 1%
BCS. But S decreases with the application of uniaxial tensile strain (UTS) for both n-type and ptype carriers. Like biaxial strain here also S is higher for n-type than that of p-type carriers and the variations of S and band gap follow Goldsmid-Sharp relation. However, variation in S 2 σ/τ (PF) shown in Fig.4b . is different from that of biaxial strain. The PF increases with applied UCS and attains the highest value of 59 x 10 10 W/mK 2 s at 4% of UCS, which is almost 77% higher than the value obtained without strain for n-type carriers. After 4% PF decreases but still remains at higher values than that of 0% strain. But with the application of UTS S 2 σ/τ rapidly decreases for n-type carriers up to 4% of BTS and becomes constant with a much lower value than that without strain. It suggests that for n-type doping compressive strain is more effective than tensile strain. For p-type carriers, S 2 σ/τ decreases with application of UCS up to 4% and then becomes constant at a lower value than that without strain which is similar to that of BCS. But S 2 σ/τ increases linearly with the application of UTS and attains a value of 24x 10 10 W/mK 2 s at 6% of UTS which is almost 30% higher than that without strain. So, the application of UCS affects more for n-type doping and UTS for p-type doping although the highest power factor at 4% of UCS for ntype is very much higher than that of p-type carriers.
Electronic band structure and valley degeneracy:
The electronic band structure of unstrained monolayer WS 2 is shown in Fig. 5a . Our calculation shows that the highest valance band has two hole valleys at Γ point (V1 and V3) and compressive strain and the thermoelectric performances decrease (SI Fig. S4.a) . In the case of uniaxial compressive strain, the electron valley degeneracy occurs at 2% strain with a direct or indirect band gap of 1.96 eV and at this point hole valley degeneracy is broken as shown in Fig.5c . Electron valley degeneracy disappeared slowly at higher strain and after 4% uniaxial strain degeneracy breaks (SI Fig. S4 .b).
As we apply 1% tensile strain (both biaxial and uniaxial) the hole valleys V1, V2, and V3 in valance band are nearly degenerate but the difference between conduction band valleys C1, C2
and C3 increases as shown in Fig.5d and Fig.5e . As CBM lies at K point an indirect (Γ-K) or direct transition (K-K) with a band gap of 1.59 eV and 1.72 eV for biaxial and uniaxial tensile strain respectively, can take place and both hole valleys at Γ point (V1 and V3) and K point (V2) can take part in transport. This is the reason thermoelectric power factor for the p-type doping initially increases with the application of tensile strain whereas thermoelectric properties for ntype doping decreases by tensile strain. Further enhancement of tensile strain results breaking of hole valley degeneracy very slowly (SI Fig.S4 .c and S4.d) and the thermoelectric performances for p-type carriers also vary very slowly.
ZT product:
The variation in ZT product of unstrained monolayer WS 2 at 300K, 600K and 900K is shown in Fig.6a . We found that at 300K lattice thermal conductivity ( ) of unstrained monolayer WS 2 is 72 W/m-K. The variation of with temperature is shown in Fig.6b . The highest ZT product of unstrained monolayer WS 2 has been found to be 0.52 for n-type carriers and 0.49 for p-type carriers at 900K. With applied BCS ZT product increases and highest ZT product with a value 0f 0.70 at 900K has been observed at 2% of BCS which is 35% higher than ZT value of unstrained WS 2 for n-type carriers. After 2% of BCS the variation is almost constant having a value of ZT = 0.62 at 6 % of BCS which is still19% higher than ZT of unstrained WS 2. and then decreases but for n-type carriers it does not vary much and slightly decreases at 900K.
The highest ZT products of ZT = 0.72 among all types of strain has been found for -4% uniaxial compressive strain (UCS) at 900K which is 38.5% higher than that of unstrained monolayer WS 2 . The effect of UCS is almost similar to that of BCS but highest ZT has been found at 4%, 3%, and 2% of UCS at 900K, 600K and 300K respectively. Phonon dispersion curve at 4% of UCS (SI Fig. S5 .e) shows monolayer WS 2 is stable at 4% of UCS. 
Conclusions:
In conclusion, we have performed strain dependent studies of electronic and thermoelectric properties of monolayer WS 2 by using DFT and Boltzmann transport theory. We have calculated thermoelectric properties as a function of chemical potential and carrier concentration and found that both the approaches give same output. The enhancement of the thermoelectric performances has been found with the application of compressive strain for n-type doping and that of tensile strain for p-type doping. Among all types of strains uniaxial compressive strain has been found to be most effective and highest thermoelectric PF and ZT product have been found to be 59 x 10 10 W/mK 2 s and 0.72 respectively at 900K under 4% of uniaxial compressive strain. The enhancement of thermoelectric properties is due to the change in degeneracy of bands near the Fermi level. These results clearly indicate that WS 2 could be a very promising material for thermoelectric applications under applied compressive strain.
